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Why Interaction Region definition and Detector design are coupled:
𝑒!𝑒" collisions at 3 TeV, CLIC

Interaction Point size X/Y/Z ~45 nm/~1 nm/ 44 𝜇m
Table 2: Production rates for the different background particles for

p
s = 3 TeV CLIC: Total

number of produced particles, number produced with polar angles larger than the min-
imal BeamCal acceptance, and number of particles in the acceptance of the vertex de-
tector.

Particles per BX

Background Total q > 10 mrad q > 7.3� and
pT > 20 MeV

Coherent pairs 6 ·108 ⇡ 0 0
Trident pairs 7 ·106 ⇡ 0 0
Incoherent pairs 3 ·105 8 ·104 60
Radiative Bhabha e±/� 1 ·105 3/0 0/0
��! hadrons 102 96 (47 charged) 54 (25 charged)
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Figure 1: Angular distribution of the different background types at
p

s = 3 TeV.

The production process has a very large minimum particle energy (Emin > 10 GeV) [11],
which implies that particles are not significantly deflected by the oncoming beam. The accep-
tance of the detector (q > 10 mrad, Figures 1, 2b and 3a) is chosen such that the coherent pairs
leave the detector through the outgoing beam pipe [12]. As only negligible rates of events in
the detector are expected from coherent pairs, the particles from the coherent pair-production
process are not simulated in the detector for the background studies described in this paper.

2.1.2. Trident Cascade

Similarly to the coherent pair-production process, instead of real photons, virtual photons emit-
ted from one of the beams can also convert to electron-positron pairs (Figure 4b) that are set
onto the mass shell by the strong field of the oncoming beam [13]. The angular distribution and
transverse-momentum spectrum of the particles produced in this trident cascade are similar to
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Beam-induced background

Having that background generated, CLIC 
designed the 3 TeV detector, as example the 
occupancy on the vertex barrel detector as 
function of the magnetic field
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(b) Angular distribution of the energy

Figure 2: (a) The energy spectrum and (b) the angular distribution of the energy of the different
background types at

p
s = 3 TeV.

those of the coherent pair-production process (Figures 1, 2b, and 3a,b), but with a much smaller
total rate and a softer energy spectrum (Figure 2a). The trident cascade leads to negligible event
rates inside the detector and is therefore not considered further.

2.1.3. Incoherent Pair-Production

In addition to the interaction of particles with the coherent field of the oncoming bunch, particles
can also interact with individual particles of the opposite beam and produce electron-positron
pairs in the collision of two photons. In the Breit–Wheeler process both photons are real, in
the Bethe–Heitler process one of them is virtual and the other real and in the Landau–Lifshitz
process both photons are virtual (cf. Figure 5). The rates of the electrons and positrons created in
these incoherent pair-production processes fall less steeply with increasing polar angle than for
the other pair-production processes (Figure 2). These incoherent electron-positron pairs can be
produced with very low momenta and are therefore strongly deflected by the oncoming bunch. In
GUINEAPIG the minimal particle-energy to write out the incoherent pair particles was required
to be 5 MeV.

Because of the combination of large angle after deflection and transverse momentum the
particles from incoherent pair-production are expected to be the dominant source of background
events in the CLIC vertex and very forward detectors.

2.2. Radiative Bhabha-Events

The radiative Bhabha process is the scattering of electrons with the additional emission of a
photon

e+e� ! e+e��.
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(b) Direct hits, t < 15 ns
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(c) Back-scattered hits, t > 15 ns

Figure 13: Hit densities from incoherent pairs in the six vertex-barrel layers as function of the
radius of the respective layer for three different values of the magnetic field. Shown
are (a) the total hit density, as well as separately the contributions from (b) direct and
(c) back-scattered hits. For the direct hits, the results from the fast simulation are also
shown, and the radius of the innermost vertex barrel layer in the CLIC ILD CDR
and CLIC SiD CDR model are indicated with a vertical dashed and a dotted line,
respectively. The full simulation results have been obtained with the initial layout,
before optimising the beam-pipe geometry to reduce back-scatters from the forward
region (see Section 5.6).

25

2



The muon collider presents a unusual (so far) situation.

The high luminosity requires high number of muons per bunch (𝑁!~2 % 10"#)

Muons decay particles: 4×10$decays per meter of lattice,  Ebeam= 0.750 TeV with 2×10"#𝜇/bunch
mainly: electrons/positrons, photons, neutrons, charged hadrons and muons

So far,  the best way to mitigate the 
particle fluxes effects on detector is to 
use the nozzles, two shielding cones 
made of tungsten and borated 
polyethylene entering in the detector .

2. The MARS15 Modeling Results

The major source of the detector background in µ+ µ� collider is the electrons and positrons
from beam muon decays. For 750 GeV muon beam with intensity of 2⇥1012 per bunch there are
about 4⇥ 105 decays per meter per bunch crossing. The decay e

+ and e
� produce high intensity

secondary particle fluxes in the beam line components and accelerator tunnel in the vicinity of the
detector (interaction region IR, Figure 1). As it was shown in the recent study [1], the appropriately
designed interaction region and machine detector interface (including shielding nozzles, Figure 2
and Figure 3 ) can provide the reduction of muon beam background by more than three orders of
magnitude for a muon collider with a collision energy of 1.5 TeV. These results were obtained with
the MARS15 simulation code, the framework for simulation of particle transport and interactions
in accelerator, detector and shielding components. The MARS15 model takes into account all the
related details of geometry, material distributions and magnetic fields for collider lattice elements
in the vicinity of the detector including shielding nozzles.

Figure 1. A MARS15 model of the IR and detector with particle tracks > 1 GeV (mainly muons) for several
forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W - tungsten, BCH2 - borated polyethylene)

Figure 3. The shielding nozzle, zoom in near IP
(Be - beryllium)

– 2 –

Di Benedetto et al., A study of muon 
collider background rejection criteria 
in silicon vertex and tracker detectors. 
Journal of Instrumentation13(2018)

Why Interaction Region definition and Detector design are coupled:
𝝁!𝝁" collision, Muon Collider

The only case 
studied in detail
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Designed by MAP.
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The effect of the nozzle

• Muon beam 0.75 TeV, IR designed by MAP
• Beam-induced Background generated with FLUKA
• Compare what arrives on the detector with and without 

the nozzle
2021 JINST 16 P11009

Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.

– 12 –
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Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.
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charged hadrons 

Charged 
hadrons 
absorbed
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Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.
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neutrons

Neutrons
increased

Without the nozzle the detector is flooded by high energy particles
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The survived Beam-Induced Background Properties
N. Bartosik et al 2020 JINST 15 P05001

2020 JINST 15 P05001

Figure 2. Characteristics of the beam-induced background particles at the detector entry point: the momen-
tum spectra for photons and electrons and for neutrons and charged hadrons are shown in the left and central
panels, respectively; the time of arrival with respect to the beam crossing time is shown on the right.

3 Detector performance

The detector model and software framework used for the studies presented in this paper can also be
found in ref. [7, 8]. Figure 3 presents a schematic view of the detector components, as implemented
in the ILCRoot framework [9]. These studies focus on the tracking and calorimeter systems, a full
simulation of the muon detector is not currently available. Both the tracker and the calorimeter are
immersed in a solenoidal magnetic field of 3.57 T.

The tracking system consists of a vertex detector (VTD), an outer silicon tracker (SiT) and a
forward tracker (FTD). The vertex detector, located just outside a 400-µm thick Beryllium beam
pipe of 2.2-cm radius, is 42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in
the transverse plane to the beam axis and four disks on each end. Outside the VTD, a 330-cm long
silicon tracker is comprised of five cylindrical layers at radial distances between 25 and 126 cm and
7 + 7 forward disks.

Figure 3. Schematic view of the detector, with each component identified by the label.

– 3 –
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§ Low momentum particles 
§ Partially out of time with respect to beam crossing t0
Nevertheless, huge number of particles arrives on the detector

Particles arriving on the detector with the nozzle:
• Muon beam 0.75 TeV, IR designed by MAP
• Beam-induced Background generated with MARS15



Impact of the Beam-Induced Background on tracker design

Detector Performance Studies at a Muon Collider - ICHEP2020 - July 29, 2020M. Casarsa 6

MDI and detector design

Two examples of MAP’s solutions

to cope with the BIB:

MDI: two tungsten nozzles

with 5-cm polyethylene 

cladding for neutrons reduce

the beam-induced background

in the detector by a factor 

of ~500.

VXD geometry: the vertex

detector barrel is designed 

in such a way not to overlap

with the BIB hottest spots

around the interaction region.
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z coordinate of BIB particles entering the detector

Preliminary
Preliminary

Locate tracker layers avoiding beam hot spots, or 
design IR that do not generate hot spots.

Require sensor with good time resolution to 
reduce hits from out-of-time background. 
Effectiveness at high energies to be studied.
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February 15, 2022MC Project 18

Realistic Digitization

Work In Progress: Currently not part of common workflow

● Provides a more accurate description of hit clusters
● Provides a handle on BIB rejection

Details

Realistic digitization reduce BIB hits 

February 15, 2022MC Project 18

Realistic Digitization

Work In Progress: Currently not part of common workflow

● Provides a more accurate description of hit clusters
● Provides a handle on BIB rejection

Details

K. Krikza Detector and 
Reconstruction Performance 
for Snowmass 2022 

Impact of the Beam-Induced Background on track reconstructionCluster results

Unfiltered Loose Tight

Unfiltered Loose filter Tight filter

Clusters/event 417,333 339,161 287,085

Percent kept 100% 81% 65%

Cluster results

Unfiltered Loose Tight

Unfiltered Loose filter Tight filter

Clusters/event 417,333 339,161 287,085

Percent kept 100% 81% 65%

Cluster results

Unfiltered Loose Tight

Unfiltered Loose filter Tight filter

Clusters/event 417,333 339,161 287,085

Percent kept 100% 81% 65%

81% kept

65% kept

N. Bruhwiler
S. Pagan Griso

Efficiency: 100% for track reconstruction 
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Energy distribution in the calorimeter endcap region

Impact of the Beam-Induced Background on Calorimeter

11

ule. Higher speeds (if available) will lead to a reduction568

of the overall number of optical links in the system.569

1.3.2 Calorimeter systems570

The measurement of physics processes at the energy571

frontier requires excellent energy and spatial resolutions572

to resolve the structure of collimated high-energy jets.573

Jet reconstruction, and the improvement of the recon-574

structed jet energy resolution, is the driving theme of575

ongoing R&D activities in high energy physics, and a576

muon collider will not diverge from this general theme.577

Future lepton colliders aim at separatingW and Z bosons578

in the dijet channel, which requires a 3-4% jet energy579

resolution for jets above 100 GeV.580

In a multi-TeV muon collider, the calorimeter sys-581

tem has to operate in the intense flux of low energy par-582

ticles arising from the BIB. The BIB in the calorimeter583

region is mainly formed by photons (96%) and neutrons584

(4%). In the current detector layout, a flux of about 300585

particles per cm2 is present at the ECAL barrel surface,586

with an average photon energy of about 1.7 MeV. Given587

the high flux, several particles may overlap in a single588

cell, resulting in a hit where their energy is summed589

up. The occupancy, defined as the number of hits per590

mm2 in a calorimeter layer, is shown as a function of591

the calorimeter depth in Figure 10 and of the z co-592

ordinate in Figure 11. The simulation shows how the593

ECAL system is expected to absorb most of the BIB594

radiation, resulting in a significantly lower occupancy595

for the HCAL system. The ECAL is expected to receive596

approximately 100 krad/y of total ionising dose and a597

1013�14 cm�2 1-MeV-neq fluence.598

Fig. 10 BIB hit occupancy in the barrel region of the
calorimeters in a single bunch-crossing at

p
s = 1.5 TeV.

The spatial distributions of the energy deposited in599

ECAL and HCAL in a single bunch-crossing are shown600

respectively in Figure 12 and Figure 13.601

Fig. 11 BIB hit occupancy in the calorimeter endcap region
in a single bunch-crossing at

p
s = 1.5 TeV.

Fig. 12 Energy deposited by the BIB in a single bunch-
crossing at

p
s = 1.5 TeV in the ECAL.

Fig. 13 Energy deposited by the BIB in a single bunch-
crossing at

p
s = 1.5 TeV in the HCAL.

Similarly to what can be done in the tracker, the602

time of arrival of particles in a calorimeter cell can be603

exploited to discriminate the BIB contributions from604

the primary interactions. At the same time, the BIB605

particles are expected to deposit most of their energy606

in the innermost layers of the calorimeter, with particles607

from the primary interaction propagating deeper in the608

detector.609

The technology and the design of the calorimeters610

should be chosen to reduce the e↵ect of the BIB, while611

ECAL barrel hit 
arrival time – t0

Lorenzo Sestini & Massimo Casarsa

End-cap End-cap 
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Calorimeter hit occupancy as 
function of distance from beam axis



Impact of the Beam-Induced Background on Calorimeter Reconstruction

Beam-Induced Background 
arrives to HCAL but not an

issue

Muon Collider Joint Tracker and Calorimeter Meeting - November 18, 2021M. Casarsa 4

Graphical inspection
Eγ = 1 TeV Eγ = 2 TeVEγ = 1.5 TeV

Eγ = 5 TeVEγ = 4 TeVEγ = 3 TeV

Create an issue in the
object reconstruction

Muon Collider Joint Tracker and Calorimeter Meeting - November 18, 2021M. Casarsa 6

Fraction of γ energy in the HCAL

Eγ = 1.5 TeV Eγ = 5 TeV

10° < θγ < 170°
HCAL energy fraction vs 𝐸%

Lorenzo Sestini & Massimo Casarsa

No Beam-Induced 
Background

Photon gun 
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Is that all we can do?

Would it be possible to design a different Interaction Region that 
reduced the Beam-Induced Background?

Is there room for nozzle optimization?
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First look at different center-of-mass energies keeping the same nozzle
2

Table 1: Multiplicities of di↵erent types of particles produced in a bunch crossing by the beam muon decays after
the shielding structure, therefore arriving on the detector surface. In all cases, the MDI optimised for the centre-
of-mass energy of 1.5 TeV is assumed.

Monte Carlo simulator MARS15 MARS15 FLUKA FLUKA FLUKA

Beam energy [GeV] 62.5 750 750 1500 5000
µ decay length [m] 3.9 · 105 46.7 · 105 46.7 · 105 93.5 · 105 311.7 · 105
µ decay/m/bunch 51.3 · 105 4.3 · 105 4.3 · 105 2.1 · 105 0.64 · 105
Photons (E� > 0.1 MeV) 170 · 106 86 · 106 51 · 106 70 · 106 107 · 106
Neutrons (En > 1 MeV) 65 · 106 76 · 106 110 · 106 91 · 106 101 · 106
Electrons & positrons (Ee± > 0.1 MeV) 1.3 · 106 0.75 · 106 0.86 · 106 1.1 · 106 0.92 · 106
Charged hadroms (Eh± > 0.1 MeV) 0.011 · 106 0.032 · 106 0.017 · 106 0.020 · 106 0.044 · 106
Muons (Eµ± > 0.1 MeV) 0.0012 · 106 0.0015 · 106 0.0031 · 106 0.0033 · 106 0.0048 · 106

The innermost system consists of a full-silicon track-100

ing detector divided in three sub-detectors: the Vertex101

Detector, Inner and Outer Tracker. The tracking de-102

tector is surrounded by a calorimeter system formed by103

an electromagnetic calorimeter (ECAL) and a hadronic104

calorimeter (HCAL), and is immersed in a magnetic105

field of 3.57 T provided by a solenoid with an inner106

bore of 3.5 m. Finally, the outermost part of the detec-107

tor consists of a magnet iron yoke designed to contain108

the return flux of the magnetic field and is instrumented109

with muon chambers. The full detector is shown in Fig-110

ure 1.111

An essential part of the MDI at a Muon Collider112

is the pair of nozzles, which reduce the rate and en-113

ergy of BIB particles reaching the detector by several114

orders of magnitude. A dedicated design of the MDI115

has been developed by the MAP collaboration [1] using116

the MARS15 software to simulate muon decays within117

±200m from the interaction point (IP) in a collider ring118

with the parameters summarised in Table ??.119

The exact shape and positioning of the nozzles was120

optimised specifically for the
p
s = 1.5TeV case, includ-121

ing the 10° opening angle and 12 cm distance between122

the tips of the nozzles, as shown in Figure 2. The same123

approach has been adopted in a FLUKA simulation-124

based software to characterise the BIB at higher centre-125

of-mass energies and to study other MDI designs.126

1.1.2 Characterisation of BIB127

BIB particles at a Muon Collider have a number of128

characteristic features that set them apart from typi-129

cal backgrounds at e+e� or pp colliders. About 4 · 108130

low-momentum particles exit the MDI in a single bunch131

crossing depositing energy to the detector in a di↵used132

manner. The separation between the tips of the tung-133

sten nozzles leads to most of the BIB particles exiting134

at a significant distance from the interaction point. Fi-135

� being the azimuthal angle around the z-axis and ✓ the polar
angle with respect to the z-axis.

Fig. 1 Illustration of the full detector, from the Geant4
model. Di↵erent colours represent di↵erent sub-detector sys-
tems: the innermost region, highlighted in the yellow shade,
represents the tracking detectors. The green and red elements
represent the calorimeter system, while the blue outermost
shell represents the magnet return yoke instrumented with
muon chambers. The space between the calorimeters and the
return yoke is occupied by a 3.57 T solenoid magnet.

nally, there is a substantial spread in the arrival time136

of the BIB particles with respect to the bunch crossing,137

ranging from a few nanoseconds for electrons and pho-138

tons to microseconds for neutrons, due to their smaller139

velocity.140

Each of these aspects has di↵erent implications for141

the BIB signatures in di↵erent parts of the detector,142

which depend on the position, spatial granularity and143

timing capabilities of the corresponding sensitive ele-144

ments. Thus, a careful choice of detector technologies145

and reconstruction techniques allows to mitigate the146

negative e↵ects of the BIB, as demonstrated in the later147

sections of this paper.148

The nozzle dominates the particle flux arriving to the detector

Number of each particle type arriving to the detector

Nozzle 
optimized

Same nozzle 
optimized for 750
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Preliminary Considerations of the Interaction Region effect 
on Beam-induced Background
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Comparison of 1.5 TeV and 3 TeV CoM energy: effect of the beam energy

• The region where the muon decays contribute to the Beam-Induced background slightly larger at lower 
energy

• Primary muons decay to include Beam-Induced background : @1.5TeV zμ <25m @3TeV zμ <40m 

• IR at 1.5 TeV and 3 TeV designed by MAP, L*=6 m, solenoid magnetic field 3.57 T
• Beam-induced Background generated with FLUKA
• Compare what arrives on the detector with same nozzle

Time and z muon decay

15

§Primary muons decay to consider for BIB:   
@1.5 TeV zμ < 25 m 
@3 TeV zμ < 40 m

Time 
Distribution

Muon Decay
Z-Position

Z position of muon decay producing particles arriving to the detector 

Cumulative 1.5TeV

Cumulative 3TeV

IP

beam
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Daniele Calzolari (CERN)
MDI Study meeting 9-12-2022
https://indico.cern.ch/event/1227265/

13

Comparison BIB per muon decay posi�on
▪ To have a fair comparison, in this plot is reported the number of BIB par&cles going in the detector 

area from the nozzle vs the posi&on of the original muon decay.

▪ With a L*=6 m, the last quadrupole is at 32 m from the IP, while in the longer case, this distance is 
37 m.

▪ In the [-L*,L*] region of space, muon decays do not give signi%cant contribu&on to the BIB. (The 
energy is mostly deposited in the downstram magnets)

Comparison different L* at 10 TeV on Beam-Induced Background

Z position of muon decay producing particles arriving to the detector 

• IR at 10 TeV designed by CERN L* = 6 m and 10 m, solenoid magnetic field 5 T
• Beam-induced Background generated with FLUKA
• Compare what arrives on the detector with same nozzle (1.5 TeV)

Longer L* seems beneficial to reduce Beam-Induced Background on the detector 

beam

IP
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Preliminary Nozzle Optimization 

15
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Current nozzle op�miza�on: nozzle shape

 Considering the par�cle .uences in the nozzle, a tenta�ve nozzle geometry reshaping has 
been conducted. 

Tungsten layer aTer the 
boron one. Smallest 

thickness: ~1 cm

More boron aTer the inner 
‘boEleneck’

Lateral tungsten shaven oF 
from the lateral side. The 
photon .uence is already 

small, the EM shower 
development is forward 

peaked

Daniele Calzolari (CERN)  IMCC Annual Meeting 
https://indico.cern.ch/event/1175126/timetable/#20221012

End-cap ECAL

16
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Current nozzle op�miza�on: nozzle shape

 Considering the par�cle .uences in the nozzle, a tenta�ve nozzle geometry reshaping has 
been conducted. 

Tungsten layer aTer the 
boron one. Smallest 

thickness: ~1 cm

More boron aTer the inner 
‘boEleneck’

Lateral tungsten shaven oF 
from the lateral side. The 
photon .uence is already 

small, the EM shower 
development is forward 

peaked

Daniele Calzolari (CERN)  IMCC Annual Meeting 
https://indico.cern.ch/event/1175126/timetable/#20221012

Effect on detector 
occupancy to be studied

End-cap ECAL
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Daniele Calzolari (CERN)  IMCC Annual Meeting 
https://indico.cern.ch/event/1175126/timetable/#20221012

Effect on detector 
occupancy to be studied
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The Tool to Generate and Study Beam-Induced Background
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The Software

§ FLUKA + LineBuilder used to 
reconstruct the machine geometry 
in the simulation
§ Direct connection between optics 

files and Monte Carlo
§ Easy to test the effect of possible 

variations in the machine 
configuration, beam energy, MDI 
optimization..

§ (semi) Automized analysis program 
to quickly evaluate the effect of any 
modification

4

Francesco Collamati (INFN)  IMCC Annual Meeting 
https://indico.cern.ch/event/1175126/timetable/#20221012
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Donate l la  Lucches i March 25 ,  2021 8

Further Detector Nozzle Optimization 

machine lattice 
& optics

LineBuilder

detector
nozzle
description

Flair +
new code 

Fluka simulation
muon decay & interaction
with material 

Background on 
detector
envelope 

machine 
geometry

detector
nozzle
position

Input data
Output data
Software program 

Fluka
Element DB

March 25, 2021Donatella Lucchesi 8

Software workflow

It would be great to have also a MARS15 
Beam-Induced Background generation… 
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Summary
• Effects of the Beam-Induced Background on the detector for some (few)

center-of mass energies have been and are being studied.

• Preliminary studies show that the nozzle is the key element to determine 
the flux of particles on the detector and their characteristics, momentum 
and energy.

• Detector design and optimization is a complex process, it involves IR 
design, absorbers, nozzle, detector and magnetic field.

• The interaction region design plays a crucial role in the detector design 
for muons collisions studies and therefore in physics performance

All the studies and the activities presented are being performed in the Physics and 
Detector Performance Group which includes Europe, US and Cina.

22


